Background. The instantaneous pressure gradient between the left ventricle and left atrium during systole can be calculated from the mitral regurgitation Doppler velocity curve. The purpose of our study was to determine the accuracy of measuring the time constant of relaxation (TAU) derived from the
In heart muscle disease, abnormalities of diastolic function play a major role in producing the signs and symptoms of heart failure.12 Because of the complex sequence of interrelated events that constitute diastolic filling of the heart, it has been difficult to detect and to measure abnormalities of diastolic function in clinical practice.1,2 Although global filling patterns can now be assessed noninvasively with radionuclide angiography34 and Doppler echocardiography,5'6 a more detailed evaluation of the individual events has been possible only with invasive, sophisticated techniques that measure such variables as wall stress and wall strain.78 One of these events is the rate of left ventricular relaxation, in which various monoexponential or biexponential equations are fitted to the decrease in left ventricular pressure that occurs during isovolumic relaxation, ie, the method for determining the time constant of relaxation (TAU).7 There are many limitations inherent in this measurement,7'8 but the measurement of TAU remains the most accepted method for determining the rate of left ventricular relaxation in humans. The widespread use of the measurement of TAU has been limited because invasive high-fidelity, manometertipped catheters are required.
Doppler echocardiography has emerged recently as a powerful noninvasive method for determination of hemodynamics.9 Intracardiac pressures, valve gradients, and volumetric flow can be determined accurately with Doppler echocardiography by measurement of blood flow velocities across valves and through great vessels. In mitral regurgitation, the instantaneous pressure gradient between the left ventricle and the left atrium can be derived by applying the modified Bernoulli equation (pressure gradient=4x [velocity] 2) to the mitral regurgitation velocity signal.10 As a measurement of systolic contractility, the rate of increase of left ventricular pressure has been derived from the rate of increase of the velocity of mitral regurgitation. This measurement has been validated in the animal model1 and in humans.12, 13 The rate of increase of left ventricular pressure derived from the Doppler mitral regurgitation signal has proved to be clinically important as an Nishimura et al Measurement of TAU by Doppler Echocardiography 147 independent index of systolic contractility in patients with mitral regurgitation before mitral operation. 13 It has been proposed that examination of the rate of decrease of the velocity curve of mitral regurgitation may provide insight into the rate of left ventricular relaxation. In the animal model, the rate of decrease in velocity has been correlated with peak negative dP/dt derived from high-fidelity left ventricular pressure measurements. 11 The actual derivation of TAU from the velocity curve of mitral regurgitation has been demonstrated recently in the animal model.14 It is unclear whether the rate of decrease in the velocity curve of mitral regurgitation can be used for measurement of the rate of ventricular relaxation in humans. As opposed to the period of isovolumic contraction, there are unknown variables during isovolumic relaxation that may affect the rate of decrease in the velocity curve of mitral regurgitation, such as changing left atrial pressure and variable pressure at mitral valve opening.
The purpose of our study was to determine the accuracy of measuring TAU derived from the Doppler mitral regurgitation signal by comparing it with highfidelity pressure measurements made simultaneously.
Methods
Patient Population
The study group consisted of patients referred to the cardiac catheterization laboratory with a diagnosis of mitral regurgitation. All had undergone a comprehensive two-dimensional and Doppler echocardiographic examination, which confirmed there was at least moderate mitral regurgitation.9 Immediately before catheterization, interrogation of mitral regurgitation velocity was made with a small, nonimaging, continuous-wave Doppler transducer. Patients were selected for the study if the spectral display of mitral regurgitation showed a sharp, distinct border of the descending limb of the curve. The study was approved by the Mayo Clinic Institutional Review Board, and informed consent was obtained from all the patients.
Twenty-five patients formed the study group: All had mitral regurgitation Doppler signals adequate for analysis. The mean age of these 25 patients was 49 years (range, 22 to 80 years); they had a mean body surface area of 1.9 m2 (range, 1.6 to 2.3 m2). The cause of the mitral regurgitation, based on two-dimensional echocardiography, was prolapse in 15 of the patients, rheumatic heart disease in 3, dilated annulus in 5, and ischemic heart disease in 2. The rhythm was normal sinus in 15 patients and atrial fibrillation in 10.
Methodology
All patients were lightly sedated with either intravenously administered diazepam or fentanyl before catheter insertion. An intravenous infusion of dextrose in water was begun at a rate of <10 mL/hr. All patients were heparinized with 2500 U of heparin after femoral arterial puncture. An 8F pigtail or Rodriguez fluid-filled catheter was inserted retrogradely across the aortic valve into the left ventricle and positioned at the base of the heart 2 to 3 cm distal to the mitral valve. A 3F, high-fidelity, manometer-tipped catheter was balanced to atmospheric pressure and then inserted through a hemostasis valve into the lumen of the fluid-filled catheter to its distal end, as previously described.15 '16 The pressure measurements obtained with the high-fidelity manometer-tipped catheter were calibrated against the pressure measured simultaneously with the fluid-filled catheter at end diastole. Measurements of both the high-fidelity and fluid-filled catheter pressures were made at periodic intervals; no electronic "drift" was present in the pressure tracings obtained with the high-fidelity manometer-tipped catheters. All measurements were made before injection of any contrast material.
Simultaneous Doppler interrogation of the mitral regurgitation velocity jet was made from the apical window in all patients by using a small, nonimaging, continuous-wave transducer (1.8 to 2.5 mHz) with either a Hewlett-Packard or Acuson echocardiographic instrument. Small changes were made in the position and angulation of the Doppler beam until the signal with the cleanest spectral display was obtained. The pressure measurements obtained with the high-fidelity manometer-tipped catheter and the simultaneous Doppler signal were recorded on a hard-copy strip chart at 100 mm/sec (Fig 1) .
To examine changes in the rate of left ventricular relaxation in individual patients, 6 to 8 different cardiac cycles were recorded at various RR intervals in 15 
Analysis
Both the left ventricular pressure curve and the simultaneous mitral regurgitation velocity curve were digitized at 3-msec intervals by using an off-line Jandel Scientific Tablet. Five different pressure curves were generated from the Doppler velocities for each baseline cycle from each of the 25 patients. The Doppler velocities at each 3-msec interval (Vn) were converted to a pressure gradient by using the modified Bernoulli equation (Fig 1) . The final pressure at each 3-msec interval (Pn) was calculated with the following equations. (1) Pn
Pn (10) The data files were transferred to an IBM PC on which a data analysis program was used as described previously.16 Each of the high-fidelity pressure or Doppler-derived pressure contours was analyzed blindly in random order. The following measurements were then obtained: peak positive dP/dt (+dP/dt), peak negative dP/dt (-dP/dt), LVEDP, peak systolic blood pressure (SBP), and TAU. TAU (T) was calculated by two methods. The first method was the semilogarithmic model that used a zero asymptote: (6) P(t) =Pe-t/T where P=pressure and t=time. P0 is equivalent to Pb (pressure at beginning of isovolumic relaxation) when a true exponential decay is approximated starting at peak -dP/dt and ending at 5 mm Hg above the LVEDP for the high-fidelity pressure. For the converted pressure curves from the digitized Doppler velocities, the exponential decay was approximated starting at peak -dP/dt and ending at the time when the Doppler velocity curve reached zero baseline (at mitral valve opening). The second method (TAU-NZ)18 allowed the pressure to decay to a nonzero asymptote PB: ( 
7) P(t)=Poe-t/T+P
A nonlinear least squares technique19 was used to estimate the parameters PB and T. For the high-fidelity pressure curve, the nonlinear least squares fit was begun at peak -dP/dt and ended at 5 Results For all 25 patients, the mean±SD for LVEDP, SBP, TAU (using zero asymptote), and TAU-NZ (using nonzero asymptote) measured from the high-fidelity pressure curves are shown in Table 1 . The mean±SD for the Doppler measurements of V(3-1), TAU-0, TAU-10, TAU-20, TAU-EDP, TAU-VA, and TAU-NZ are shown in Table 1 .
The relation of each Doppler-derived TAU to the catheter-derived TAU for the 25 patients is outlined in Table 2 . Fig 2 illustrates The relation of Doppler-derived TAU to the catheter-derived TAU using a nonzero asymptote is shown in Fig 5. There was no significant correlation seen when using this method for calculation of TAU.
To determine whether a simplified Doppler measurement could be used, the relation of the time interval from 3 m/sec to 1 m/sec on the descending limb of the mitral regurgitation velocity curve [V(31)] was plotted against the catheter-derived TAU (Fig 6) The results of our study provide insight into using Doppler mitral regurgitation velocity curves as a measurement of ventricular relaxation in humans. Several methods have been proposed for calculating TAU from high-fidelity pressure measurements. 8, Two of the accepted methods include the use of a monoexponential fit to the decrease in pressure during isovolumic relaxation to either an arbitrary asymptote (nonzero) or a zero asymptote. Because the use of a zero asymptote requires knowledge of the absolute left ventricular pressure, a nonzero asymptote TAU would be ideal when using Doppler-derived data. 18 However, the calculation of a nonzero asymptote TAU has significant variability when applied to high-fidelity pressure curves. 29 As shown in our study, the variability produced an unacceptable error in the calculation of TAU from the mitral regurgitation Doppler velocity curve even when applying a nonlinear least squares fit. 19 The optimal method for calculation of TAU from the mitral regurgitation Doppler velocity curve would be to use 
